In the analysis of forestry experiments, there may be a need to adjust for competition between plots before predicting deployment performance in the field but there have been few attempts to investigate this. Our analysis looked at diameter data from a 19-year old Sitka spruce clonal trial growing in Scotland. Using a sequence of nested models, a likelihood ratio test indicated that fitting competition at both the genetic and residual level provided a significantly better fit than models which either ignored competition or fitted it at just the genetic or just the residual level. A strong negative genetic correlation of -0.93 ± 0.05 was found between the direct genetic effects and competition effects. This was not significantly different from -1, indicating that competition is almost exactly proportional to the direct genetic effect and that a tree will exert a competitive effect which is closely related to its own genetic merit for size. At the residual level, the correlation between direct and competition effect was estimated as -0.17 ± 0.03. We conclude that competition exists at both the genetic and environmental levels and including it in genetic evaluation systems gives a better prediction of future performance. Results also demonstrate that it is possible to obtain useful information about competition effects from a single-tree plot experiment.
Introduction
In the classical approach to the analysis of agricultural field experiments, the response of each plot is regarded as independent of its neighbours, and neighbour relationships do not feature in the analysis of the experiment. Two developments introduced neighbour relationships into the analysis. First, the need to allow for local trends in fertility not accounted for by the block structure of the experiment (PAPADAKIS, 1937; BARTLETT, 1978) . These local trends create positive correlations between yields from neighbouring plots. Second, the need to adjust for interference or competition between plots (PEARCE, 1957; DRAPER and GUTTMAN, 1980) . In this case correlation between neighbours may be negative.
Models for competition include two effects for each plot: a direct effect, affecting its own yield, as in a conventional analysis, and a competition effect, affecting the yields of its neighbours.
There are two main approaches to modelling the competition effect. One, originally suggested by MEAD (1967) , regards the competitive effect of a plot as a linear function of its yield, with the same regression coefficient applying to all plots (KEMPTON, 1982; BESAG and KEMPTON, 1986; CONNOLLY et al., 1993) . A test of the hypothesis that the regression coefficient is zero determines whether there is evidence for competitive effects. Differences between varieties can be adjusted for the effects of competition, and where appropriate, monoculture yields can be predicted (KEMPTON, 1982) . The regression coefficient is essentially the same as that used to detect fertility trends, so any attempt to separate the effects of fertility trends and competition requires a more complex model (DURBAN et al., 2001; STRINGER and CULLIS, 2002) .
With this approach, analysis of the data should allow for the fact that each plot yield can appear on both left and right sides of the model equation (KEMPTON, 1982) . A simplified version of the analysis ignores this feature, and calculates a competition index for each tree as a (possibly weighted) average of the yields of its neighbours. The competition index is then included as a covariate in the analysis (ANDERSSON et al., 2007 ).
An alternative approach regards the direct and competition effects as a function of treatment, variety, genotype, or some other feature of the plot (PEARCE, 1957; DRAPER and GUTTMAN, 1980) . The competitive effect of a variety (say) on neighbours is estimated separately from its direct effect. Whereas the first approach necessarily deals with competition at the phenotypic level, with the second approach, competition can be regarded as operating at more than one level, e.g. genetic and environmental. We model direct and competition effects as correlated random effects each of which can be split into genetic and non-genetic components following BIJMA et al. (2007a,b) who applied this type of model in the context of animal breeding.
In forestry experiments, once individual trees have reached a critical size, tree-on-tree interaction takes various forms, such as competition for nutrients, light or root space. CANNELL et al. (1984) found evidence of intertree competition effects on height in close-spaced experimental plots of Picea sitchensis and Pinus contorta. Competition effects were found to be asymmetrical, i.e. height growth of trees was decreased by the presence of taller neighbours but not by shorter neighbours, suggesting that competition was mainly for light. CORRELL and ANDERSON (1983) used the method of KEMPTON (1982) to adjust for competition in forestry variety trials, and MAGNUSSEN (1989) applied a similar method in a study of jack pine. More recently, de RESENDE et al. (2005) looked at the effect of competition on diameter in a 13-year old Pinus caribaea experiment and an 18-year old Eucalyptus maculata experiment. DEBELL and HARRINGTON (1997) considered the productivity of Populus in monoclonal and polyclonal blocks and concluded that differences among clones in height and diameter were greater in polyclonal than in monoclonal plots. Apart from these examples, there have been few attempts to adjust for competition effects in forestry experiments.
Competition Effects in a Young
The basic unit of most forestry experiments is a plot of several trees of the same family or treatment. In such experiments we might expect any competition to operate mostly within plots, although competition between trees in different plots is also possible, depending on the layout and geometry of the design. The simplest type of design in which to look for competitive effects is the single-tree plot experiment. VEEVERS (1978) proposed a design for single tree plots balanced for neighbour effects (the 'beehive' design based on a hexagonal layout). Most forestry trials do not have such balance but it should still be possible to detect competition effects in single-tree plot experiments with conventional designs such as complete or incomplete block designs. At present mature examples of such experiments are rare, but there is a trend in forestry trials towards this kind of design (B. ANDERSSON, personal communication) and the amount of such information should increase in the future.
The objective of this work was to quantify the effect of competition in a single-tree plot experiment and estimate its heritable and non-heritable components. If competition is found to have a significant genetic effect on forest production, including it in breeding value prediction has the potential to increase response to selection even in limited resource conditions.
Materials and Methods
In 1989, eight one year old Sitka spruce nursery stock plants were randomly selected from 10 available within each of six unrelated full-sib families. In an attempt to yield sufficient cuttings after one growing season, the stock plants were grown in a glasshouse under extended-day conditions using high pressure sodium lights, heat and extra feeding. Fifteen genetically identical cuttings were taken from each of the 48 stock plants and the resulting rooted cuttings planted at Newcastleton forest 60 km south of Edinburgh near the border with England (55.11N, 2.46W, soil type free draining upland brown earth, accumulated temperature of greater than 5°C equal to 1257 day degrees, average annual rainfall 1300 mm, site elevation 180 m and exposure very sheltered). Henceforth we refer to the stock plants as 'genotypes' of the experiment.
Trees were planted in single plant plots, with representatives of the 48 genotypes and two controls in each of 15 blocks. Controls were standard for Sitka spruce genetic field trials, i.e., rooted cuttings randomly selected from unimproved direct import material from Queen Charlotte Islands (British Columbia, Canada). The trees were laid out in a rectangular array with 15 rows and 50 columns at 2 m spacing in both directions. Buffer trees were planted around the boundary so that all trees in the experiment were exposed to similar environmental conditions. For each tree, neighbours were taken as the two adjacent trees in the same row and the two adjacent trees in the same column (four neighbours).
The trait was diameter at 19 years of age although for comparison purposes all analyses were repeated on diameter at the earlier age of 13 years. Of the original 750 trees, 4 were dead by the age of 13 and 28 by the age of 19 years.
Four models were fitted to the data. All models included the effect of genotype as a random effect. Model I included no other terms (corresponding to a standard analysis). Model II included competition at residual but not at genotype level. Model III included competition at genotype level but no residual (environmental) competition. Model IV included competition at both genotype and residual levels. We also fitted an alternative version of Model IV in which the residual covariance structure described above was replaced by a two-dimensional autoregressive spatial structure (AR1 x AR1) in rows and columns, plus a 'nugget' effect. The assumption is that the correlation between two row effects decreases geometrically with the distance separating them, and similarly for columns. The nugget effect represents independent plot error, uncorrelated with row or column effects.
All models were fitted using the program ASReml (GILMOUR et al., 2006) . Log-likelihoods were used to compare the goodness of fit of different models. Roughly speaking, a 'good' model has a smaller residual sum of squares and smaller variance components than a 'poor' model. Model IV is essentially that of BIJMA et al. (2007a) .
Briefly, associated with each tree is a direct effect (a prediction of performance in the absence of competition from neighbours) and an indirect (competition) effect which acts on each neighbour of the tree. The predicted yield for a tree is then the sum of its own direct effect and the competition effects of its neighbours. Both direct and competition effects have genetic and non-genetic (environmental, residual) components. The residual components (direct d and competition s) are assumed to be correlated random variables with variances 2 d and 2 s , and covariance sd . BIJMA et al. (2007a) assume non-overlapping groups of competing individuals, whereas the trees of this experiment can be thought of as arranged in overlapping groups of five interacting trees (one central tree and four neighbours). Because of this, some expressions had to be modified to allow for the slightly different condi- Brotherstone et. al.·Silvae Genetica (2011) s multiplied by the number of shared neighbours (0, 1, or 2). Thus residual covariances affecting a particular tree do not extend beyond two spacings in any direction. Since competition, as usually understood, involves negative correlations between neighbours, in the model competition is indicated by 2 s > 0 and sd < 0. The case sd > 0 is more likely to be due to local fertility trends than any form of competition. Thus, evidence for non-genetic competition comes from negative correlations between neighbours and positive correlations between trees with shared neighbours.
In addition, we associate a genetic direct (D) and competition (S) effect with each genotype. These are assumed to be correlated random effects, with variances 2 D and 2
S
, and covariance SD . Covariances generated by genetic direct and competition effects are more complicated than those generated by environmental effects. There will be positive genetic correlations between trees with shared neighbours, and (perhaps rarely) negative genetic correlation between neighbouring trees of the same genotype. Whereas the environmental effects act locally, the genetic effects extend over the whole area of the experiment. For example, the direct genetic effects generate positive covariances between trees of the same genotype, and the genetic competition effects generate positive covariance between two trees (perhaps far apart) which have the same genotype of tree as a neighbour.
More details of the model are given in an appendix.
From a breeder's point of view, it is important to note that both components D and S are assumed to be heritable, and contribute to the response to selection.
A special case of model IV occurs when the correlation between genetic direct and competition effects is ±1. The competition effect is then exactly proportional to the direct effect (S = c D for some constant c). DRAPER and GUTTMAN (1980) considered such models, generally with positive c indicating overlap effects from neighbouring plots. In our case c is negative and indicates competition. The magnitude of c measures the intensity of competition.
Results
Diameter at 19 years ranged from 8.3 cm to 28.6 cm, with a mean diameter of 18.9 cm (standard deviation 4.08 cm).
The log-likelihoods of the four models are summarised in Table 1 . Starting with Model I (no competition), adding competition effects at either residual (Model II) or genotype level (Model III) significantly improves the fit. Fitting competition at both genotype and residual levels (Model IV) provides a significantly better fit than any other model.
Parameter estimates for all models are also in Table 1 . For Model IV, there is a very strong negative correlation between direct and competition effects at the genotype level (-0.93) . If this correlation is fixed at -1, there is no significant reduction in goodness of fit and at the genotype level the model reduces to the form considered by DRAPER and GUTTMAN (1980) with c = -0.16. At the residual level, the covariance between neighbours is estimated as 2 sd = -1.048 cm 2 and the corresponding correlation, estimated as 2 sd /( With the alternative version of Model IV, the nugget effect was not significant, and the fit was very similar to that of Model IV, with a statistically significant negative correlation in both row (-0.23) and column (-0.15) directions, in approximate agreement with the correlation generated by competition at the residual level. The estimated variance of the residual competition effect ( 2 s ) was negative. This suggests that competition at the residual level does not exist. However, we did find residual covariance between neighbours, and this is incompatible with there being no residual competition. It may therefore be more appropriate to model the environmental variation using a two-dimensional autoregressive structure.
Discussion
We selected diameter for analysis on the basis that it is the trait routinely measured at the stage of growth where competition effects can be expected to operate. Here we concentrated on the diameter measurement at 19 years, the latest assessment available to us. A similar pattern of competition effects was apparent at the earlier diameter assessment of 13 years (data not presented), where the correlation between the direct genetic effect and the competition genetic effect was -0.94 ± 0.07.
It seems likely that similar results will apply to other conifer species, possibly with some variation in the intensity of competition and the age at which it takes effect. For example, the shade-tolerance of Sitka spruce (HARRIS, 1990) might delay the negative effects of competition relative to other species.
Trees may compete at an early stage for water and nutrients, and after canopy closure they compete mainly for light. This competition results in trees growing more slowly than they would in open-growth conditions. If the reduction in growth is spread equally among all trees in a group of neighbours, variation in available resources over an experiment leads to positive correlations in performance between neighbouring trees. Competition, in the sense in which we use the word, is a tendency for reduced growth to be unequally shared among neighbours, and this reduces the size of the positive correlation between neighbours or even makes it negative.
At the genotypic level, the competition effect was found to be almost exactly proportional to the direct effect. A tree with genotype A (which tend to be large) growing next to a tree with genotype B (which tend to be small) can be expected to require and take more resources, and this effect will inevitably be closely related to the size of the tree. This type of competition is intuitive and unsurprising. A more interesting question is whether there is deviation from proportionality. This would involve (for example) the ability in some cases for a small tree to obtain all and not just some of the resources it needs, at the expense of a neighbouring large tree. We found no evidence for this type of competition.
In this experiment the trees are classified by genotype, and we regard the competition effect as partly genetic. However, it is easy to imagine a similar experiment with trees classified by non-genetic treatment (e.g. ground preparation, fertiliser regime), in which such competition effects might also arise. It seems probable that this form of competition will be associated with any factor directly affecting the size of tree. The competition effect is genetic, but only because it is strongly linked to the genetically determined direct effect.
In our analysis we did not explicitly allow for spatial variation in site properties such as soil fertility or light availability. The effect of such variation is to create positive correlations between neighbouring trees, whereas the effect of (residual level) competition is to create negative correlations. The combined effect of spatial and competition effects is a correlation which could be positive, negative, or zero. However, on the hypothesis of no competition, the correlation is zero or positive, depending on the extent of local spatial variation, and cannot be negative. Therefore the significant negative correlation which we found between neighbours is evidence for (residual level) competition, whether or not spatial trends are present. For the genetic level of competition effects, the aliasing problem is removed by the random positioning of genotypes within the experiment. For these reasons we believe all our results remain valid in the presence of spatial trends. However, since spatial variation is of interest per se, we looked for evidence of such effects by analysing height at 6 years, assumed free from competition. We compared two models, one with and one without a first order autoregressive (AR) process in row and column directions fitted at the residual level. The AR model did not significantly improve the fit of the model (likelihood ratio test, results not shown). We conclude that there is no evidence of local fertility trends at this site. There are signs of global differences (e.g. between blocks), but this is on too large a scale to impact on competition effects.
There is a large body of literature which deals with adjustment for spatial variation. The most popular method is based on the autoregressive process (GILMOUR et al., 2006; DUTKOWSKI et al., 2002) We found evidence of competition effects at both genotype and residual levels. At the residual level, there are two types of correlation: negative correlation between neighbours, and positive correlation between non-neighbouring trees which have shared neighbours. We found evidence for the first but not the second type of correlation. We note that this is incompatible with the residual model used, which does not allow this possibility (the existence of correlation between neighbours implies a non-zero sd , which in turn implies a non-zero 2 s ). A separable autoregressive process in row and column directions provided an adequate approximation for correlation between neighbours. The autoregressive model also fits small positive correlations due to shared neighbours.
For a single tree with direct and competition effects D and S, the genetic component of its observed phenotype is G = D + 4S -, where S -is the average genetic competition effect of its neighbours. A standard analysis based on Model I, ignoring competition effects, produces G as a predicted diameter. On the other hand, the genetic contribution of the tree to future production is T = D + 4S Brotherstone et. al.·Silvae Genetica (2011) 60-3/4, 149-155 (the direct effect expressed once, plus its own competition effect expressed on each of its four neighbours). The value of T for a genotype is a prediction of its future performance when grown in monoculture. BIJMA et al. (2007a) call T the 'total breeding value' and propose its use as a measure of genetic merit when competition is taken into account.
The difference, G -T = 4(S --S), is a measure of the amount by which the standard analysis (unadjusted for competition) misjudges future performance. A genotype of above average competitiveness (S < S -, competition is associated with negative S) will be overestimated by a standard analysis, and vice-versa. Because of the strong negative correlation between D and S, the effect of using T rather than G is to shrink predictions towards zero. In a large experiment, S -is effectively constant, and 4 s measures the standard deviation of the discrepancy among genotypes. Here 4 s = 2.4 and figure 1 shows a stem-and-leaf plot of estimates of G -T for the 48 genotypes based on predictions obtained from Models I and IV.
The distribution is very skew, with many small positive values (representing overestimation by model I) and a long tail of large negative values (Model I understimates). Even though there are some substantial differences, the values are highly correlated with the estimates of T. As a result, ranking of genotypes was almost unchanged but, most importantly, absolute values changed. Ranking of genotypes on the basis of T is similar to that based on a standard analysis, but the values of T provide a more realistic prediction of future performance.
However, there is a beneficial aspect to competition. The competition effect, being so strongly correlated to the direct genetic merit, magnifies the genetic differences without upsetting the rankings, and hence improves accuracy of selection. Ranking the best trees will therefore be more accurate, despite the bias, especially in traits of low heritability.
We considered the possibility that there might be genetic variation in sensitivity to the competition effect. To investigate this we regressed diameter on total competition effect separately for each genotype. Figure 2 shows the regression coefficients plotted against the estimated direct effect.
There is a suggestion that the more successful (larger) genotypes are affected more by competition than smaller genotypes. We did not attempt any formal analysis or pursue this further. One possibility, following KEMPTON (1982) , would be to fit a multiplicative model where the regression coefficient for tree Y on tree X is the product of two terms, one of which measures the size of competition effect and is determined by the genotype of tree X, and the other measures sensitivity to competition and is determined by the genotype of tree Y. We have demonstrated that it is possible to obtain useful information about competition effects from a single-tree plot experiment designed for other purposes. This information would be obtained more efficiently from an experiment specifically designed to look for competition effects, incorporating balanced numbers of neighbours of each genotype, and using hexagonal rather than square spacing (VEEVERS, 1982) .
Conclusions
1. Diameters of trees in a clonal trial show signs of competition at 13 and 19 years.
2. A simple extension to the standard analysis allows competition effects to be measured.
3. The extended analysis gives better predictions of future performance, although the ranking of genotypes may not change substantially.
4. There was a strong correlation between direct and competition effects. Genotypes with large direct effects had large competition effects.
5. Fitting competition effects removes a bias in the breeding value estimation, regressing the estimates of extreme values towards the mean.
6. We suggest that Model IV could be usefully applied in the prediction of genetic merit of conifer trees.
7. The autoregressive process adequately handled competition effects at the residual level.
effect, S and s are genetic and environmental components of the competition effect, e is the residual, representing environmental variation between clones of the same genotype. Summations are over the four neighbours of the tree. The brackets group genetic and nongenetic terms of the equation. In Model I, where only a genetic and a residual effect are fitted, the genetic effect is equivalent to (D + ⌺ S), where ⌺ S is the sum of neighbour genetic competition effects, whereas performance in monoculture is determined by the value of D + 4 S, where S is the tree's own genetic competition component.
Equation (1) represents a random effects model. The only non-standard feature is the fact that each measurement is affected by more than one competition effect. To deal with the genetic competition term, for example, we 'overlay' the effects of four factors, each of which represents the genotype of one neighbour (e.g., north, east, south and west of the target tree). There is an analogy with the analysis of a diallel cross experiment, where the value of each cross is the sum of two line effects, one from the male and one from the female parent.
As already mentioned, we allow for covariances between D and S, and between d and s. Environmental covariances between d and s have been discussed above. The covariance between D and S (the direct and competition effects for the same tree) is SD . This is also the covariance between S and D for two trees of the same genotype. Using standard results on resemblance between relatives, the covariance between D for a tree of one genotype and S for tree of a different genotype is (1/2) SD if the two genotypes belong to the same family (see page 4 for details of the family structure), and is otherwise zero. Similar results are obtained for covariances between values of D or S for two trees by replacing SD by 2 D or 2 S . These covariance structures are easily included in the mixed model, either by including additional random effects (family, genotype) in the model, or more directly by calculating a relationship matrix for the 48 genotypes and using the so-called 'animal' model.
A useful reference for the mixed and animal models is LYNCH and WALSH (1998) .
